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h i g h l i g h t s g r a p h i c a l a b s t r a c t
Adoption of the Li þ site for chromium dopants in lithium tetraborate identified.
Increased oxygen coordination for glass over the crystalline lithium tetraborate.
Distortions about the doping chromium characterized. Local bond order is preserved in spite of the glassy nature.
Introduction
There has been a huge wealth of studies on Mn doped lithium tetraborate, Li 2 B 4 O 7 [1, 2] . Chromium is in many respects very similar, able to adopt a number of nominal valencies from zero valent chromium to chromium þ6 (i.e. [14, 15] , with very different consequences [15] . It is also known that the electronic properties of lithium borates may be manipulated by the direct inclusion of dopants, as well as, by the presence of Li þ , O, and dopant vacancies to serve as trap sites [10, 16] .
Here, we have investigated the chromium doped glass because a glass is less rigidly fixed to the 104 atoms unit cell of lithium tetraborate (Li 2 B 4 O 7 ), of the space group I41cd [17e20]. The cell, composed of interlocking BO 3 and BO 4 units, might be somewhat more flexible in the glass, as is indeed observed.
Experimental
The chromium doped lithium tetraborate (Li 2 B 4 O 7 :Cr) glasses, 98.4Li 2 B 4 O 7 e1.6Cr 2 O 3 , were fabricated by fast cooling of the melted polycrystalline compounds. Solid-state synthesis of the compound was carried out using a multi-step heating process [10, 21] . The Cr impurity was added as Cr 2 O 3 at 1.6 mol.%.
The experimental X-ray absorption fine structure (XAFS) was obtained on the double crystal monochromator (DCM) beamline at the Center for Advanced Microstructures and Devices (CAMD) with a DCM of Lemonnier type [22] . Due to the low dopant concentration (nominally 1.6 mol.%), the X-ray absorption spectra were measured in fluorescence mode and the data were not corrected for selfabsorption. Multiple scans were made and averaged to improve the signal to noise ratio.
Results
The resulting experimental Cr fluorescence signal is plotted in Fig. 1 , with the vertical line indicating the K-edge (1s) for Cr at 5989 eV, a value close to the expected Cr K-edge (E F À E K ) [23, 24] . Experimentally, the photoelectric origin is estimated from the inflection point of the rising edge to be approximately 6004 eV. Many features appear in the Cr X-ray absorption near edge structure (XANES) region, including the small pre-edge around 5989 eV and a double hump at the top of the white line (sharp rising edge). A similar pre-edge has been observed in Mn doped Li 2 B 4 O 7 crystals [1] .
The extended X-ray absorption fine structure (EXAFS) is sensitive to the local physical structure. Consequently, in spite of being a glassy material, with no long range order, the EXAFS is clearly evident, as as may be observed in the absorption oscillations at energies well above the Cr K-edge. The matrix about the Cr dopant atoms is all a low Z material, and this difficulty is evident in the deterioration of the EXAFS signal into the noise at large wave vector (Fig. 2c) . As in the case of other highly defective materials such as the transition metal doped boron carbides [6] , also a highly defective material, we can expect that an average bond length and local coordination environment may be extracted from the analysis of the EXAFS data, since the technique does not require long range order.
Identification of Cr dopant site
Starting with the unit cell of lithium tetraborate (Li 2 B 4 O 7 )
[17e20] as the base model is appropriate for ascertaining the preferential Cr dopant site. We may assume that the Cr dopant will either substitutionally dope for the Li þ , occupy a interstitial site, or occupy a B site, but based on prior studies of Mn doping of lithium tetraborate (Li 2 B 4 O 7 :Mn) single crystals [1] , the Li þ and B sites must be the most likely. In fact, one preferential site, the Li þ site indicated in the insert to Fig. 1 , seems favored by the chromium dopant, consistent with the conclusion of prior studies [10] . The FEFF 8 program package [25] was used to calculate theoretical EXAFS spectra for both undoped Li 2 B 4 O 7 and Li 2 B 4 O 7 :Cr. Although it is typically unnecessary when considering only the first coordination shell where single path scattering dominates, multiple scattering of up to 4 path lengths were considered. Selfconsistent field calculations were made with a cluster radius of 4.0 Å, which included 33 atoms. A small acceleration factor of 0.05 was used for the calculation of the electronic densities to ensure convergence. Although a low Z system, an exchange correlation factor [26] was applied to the ground state.
In Fig. 2 , two theoretical EXAFS spectra are compared to the k-weighted experimental data. As unrealistic as this might be from an experimental point of view, using Li as the absorbing center and the Li K-edge, a model spectra is obtained (Fig. 2a) . Replacing one Li atom in the unit cell by Cr, the model Cr K-edge EXAFS signal has been plotted in Fig. 2b . It is interesting to note that the two calculations, using Li as the absorbing center (Fig. 2a) and Cr in a Li þ site as the absorbing center (Fig. 2b) lead to model absorbance spectra, as a function of wave vector, that quickly converge starting at approximately 8 Å
À1
. This is an indication that the nearest coordination shells in the crystalline structure may have distortions in the lattice, but generally the unit cell structure is recovered for a crystalline model. It is the similarity of the model spectra, based on the Li þ site (schematically illustrated in Fig. 1 ), with the experimental data (Fig. 2c ) that lends strength to the hypothesis that the Li 2 B 4 O 7 unit cell may be used as a base model up to at least the first shell. Fig. 2 illustrates the similarity between the computational (Fig. 2b) and experimental results (Fig. 2c) . Some fundamental conclusions may be drawn. First, the bond lengths of the model are slightly longer than those in the experimental data. Although the two spectra are very similar, the computational model provides features that appear similar but fall at slightly shorter wave vectors than observed in the experimental data (Fig. 2) . A shorter wave vector component corresponds to longer bond lengths in the Fourier transformation into R-space, as seen in Fig. 3 . Second, the amplitude of the experimental features is greater than in the model calculation, ignoring the noise at higher wave vectors. The increase of the amplitude in the k-space signal is generally an indication of increased coordination number, assuming that the amplitude reduction factor S o 2 remains relatively unchanged.
We estimated how much the amplitude reduction factor could be expected to vary with a change from a Li absorber to a Cr absorber. In the undoped model calculation (Fig. 2a) , the amplitude reduction factor was calculated to be approximately 0.991 while in the Cr doped model the amplitude reduction factor was computed to be 0.955. Thus, it can be safely assumed that since there is little significant change in the amplitude reduction factor S o 2 that accompanies a replacement of Li with Cr, there must be a change in the O coordination number around the Cr dopant in a Li site. This is in fact consistent with the observed optical properties for Li 2 B 4 O 7 :Cr glasses [10] . When comparing the theoretical model to the experimental data, it is not unusual to recognize that when the Cr substitutes for Li there is both a slight distortion of the surrounding environment and a decrease in bond length.
As an additional test of the validity of our hypothesis that the Cr dopants substitute in a Li þ site, the phase shifts have been examined. The EXAFS phase shifts dependent greatly upon the atomic potentials of the (1) , the phase shift begins to diverge which is an indication that the lithium tetraborate crystal unit cell model breaks down for shells beyond the first shell. This should be expected as the material is a glass and not crystalline.
Conclusions
Cr doped lithium tetraborate glasses have been examined using EXAFS spectroscopy. The local order around the Cr dopant is very close to our expectations for the Cr ion substitutionally doping the Li þ site of lithium tetraborate (Li 2 B 4 O 7 ). While the Cr ion substitutionally dopes for the Li þ ion, this doping results in decreased O bond lengths and increased oxygen coordination number. In a glassy material the distortion is easily incorporated due to the relaxed and more randomly oriented nature of the matrix. The conclusions of this study are in agreement with EPR and optical studies which concluded that Cr 3þ ions substitutionally doping the Li þ site, but with an increase of O coordination and residual multi-state character [10] . This is important because borates glasses activated by Cr 3þ ions have the potential for laser generation [10, 28] .
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